Three Latin-square trials were conducted to determine the effects of feeding the thyroid depressant propylthiouracil (PTU) on plasma concentrations of thyroxine (T4) and triiodothyronine (T3) in feedlot steers. In trial 1, four steers were fed 0, 1, 2 or 4 mg PTU/kg body weight daily during five 35-d experimental periods. In trial 2, eight steers were fed 0, .5, 1 or 2 mg PTU/kg body weight daily during five 28-d periods. In trial 3, three steers were fed 0, 1 or 4 mg PTU/kg body weight daily during the first 3 d in each of three 28-d periods. In general, feeding PTU caused increases in plasma T4 concentrations that peaked 5 to 7 d after feeding started. Concurrently, T3 concentrations tended to decrease when PTU was fed. The effects of PTU on hormone concentrations were apparent within approximately 1 to 4 h after PTU feeding started. Furthermore, when PTU was not fed, T4 and T3 concentrations appeared to have rhythmic cycles of 90 and 111 min, respectively, and PTU treatment appeared to interrupt this cyclical pattern. After the initial PTU response, the dose response relationship between PTU level and plasma hormone concentration was not linear. Both 4 and 2 mg PTU appeared to depress both T4 and T3 concentrations, suggesting direct inhibition of the thyroid gland and, for the 1-mg PTU treatment, T4 tended to stabilize at concentra-1 Ruminant Nutrition Laboratory, Animal Science Institute.
Introduction
Propylthiouracil (PTU) inhibits thyroid gland activity and thus reduces plasma concentrations of thyroxine (T4) and triiodothyronine (T3). Although examined and found to be of little benefit for growth rate and feed conversion in ruminants (Winchester and Andrews, 1953) , subsequent rodent studies have shown that PTU inhibits peripheral 5'-deiodination of T4 to T3 at dosages below those that are thyroid depressing (Escobar del Rey and Morreale de . Unlike the effects of thyroid-depressing agents on the concentrations of plasma T4 and T3, peripheral 5'-deiodinase inhibition is characterized by an increase in plasma T4 with a concurrent, small decrease in plasma T3.
Of interest is the possible relationship between peripheral deiodinase inhibition and growth rate in cattle. The organophosphate, ronnel, has been shown to improve growth rate and feed conversion in feedlot steers and also to cause changes in plasma T4 and Ta concentrations similar to those in rats fed low dosages of PTU (Rumsey et al., 1983a) . Furthermore, both PTU (Kahl et al., 1983) and ronnel (Kahl et al., 1984) have recently been found to inhibit in vitro 5'-deiodinase in liver and kidney tissue from beef steers, and a positive relation-ship has been reported between growth rate and plasma T4 concentrations in feedlot steers (Rumsey et al., 1983b) . Although further animal studies with ronnel are not possible because this compound is no longer available, studies relating peripheral thyroxine metabolism to growth mechanisms may be possible using PTU or other peripheral deiodinase-inhibiting compounds (Hershman and Van Middlesworth, 1962; Chopra et al., 1982) .
The present study determined if there are dosages of PTU that, when fed to feedl-ot steers, cause changes in plasma T4 and T 3 concentrations similar to those observed in rats fed low dosages of PTU and to those observed in feedlot steers fed ronnel, and to determine how soon changes in T4 and T3 occur after PTU treatment.
Materials and Methods
Trial 1. The purpose of this trial was to determine an approximate oral dosage level of PTU that may cause changes in plasma T4 and T3 concentrations indicative of those associated with peripheral deiodinase inhibition in rats. Propylthiouracil was purchased from Sigma Chemical Company 4 (6-n-propyl-2-thiouracil). Four Angus steers averaging 302 kg body weight were housed in individual pens and fed throughout the trial a daily amount of basal feed dry matter equal to 1.56% of body weight. The basal diet, which was the same as used in previous ronnel trials (Rumsey et al., 1981) , was a ground mixture of (percentage, as fed) timothy hay, 15; alfalfa hay, 15 ; cracked corn, 50; soybean meal, 10; molasses, 9; trace mineralized salt, 1 and vitamin A added at the rate of 2,990 IU/kg of diet. The diet was fed in equal portions twice daily at approximately 0800 and 1600 h. Dietary intakes were recorded daily.
Propylthiouracil was fed at 0, 1, 2 and 4 mg/kg body weight daily. The different daily amounts of PTU were mixed with equal aliquots (approximately 10 g) of corn starch as a carrier and these were mixed with each morning 4St. Louis, MO 63178. Mention of a trade name, proprietary product or specific equipment does not constitute a guarantee or warranty by the USDA and does not imply its approval to the exclusion of other products that may be suitable.
s Carson, CA 90746.
aliquot of feed. Steers that received 0 mg PTU were given only corn starch. All steers were adjusted to the basal diet for 2 wk before PTU feeding started. The steers were then assigned to treatments in a Latin square design that included five periods of 35 d/period. Treatment assignments for the first and fifth periods were the same, and the treatment rotation during the trial was such that steers fed the lower PTU levels (0 and 1 rag) always were switched to the higher levels (2 and 4 mg, respectively) and steers fed the higher levels (2 and 4 mg) always were switched to the lower levels (1 and 0 rag, respectively). Samples of jugular blood were collected for plasma approximately 4 h after the 0800-h feeding 2 d before each period started (zero time) and on d 1, 3, 5, 7, 9, 16, 23, 29 and 33 of each period. Day 33 served as the zero-time for the next period.
Steers were weighed on two consecutive days at the beginning and end of each period and once weekly during each period. Average daily gains were calculated by the regression of body weight on weeks for each period. Plasma T4 and T3 analyses were by radioimmunoassay as described by Kahl et al. (1978) , using solid phase Ta and T3 assay kits from Immuchem Corporation s .
Average daily gain and feed intake data were statistically evaluated as a Latin square with level of PTU and period as main effects (Steel and Torrie, 1960) . Plasma data for periods 2 through 5 were similarly evaluated as a Latin square split-plot-in-days. Plasma data for each treatment within period 1 were adjusted to the same zero-time concentration and graphically compared for trends in the influence of PTU treatment on steers not previously treated with PTU. In addition, the concentrations of T 4 and T3 at 16, 23, 29 and 33 d were averaged for each treatment within all periods. These averages were evaluated by analysis of variance with PTU level and period as main effects and by Duncan's new multiple-range test (Duncan, 1955) after obtaining a significant F-test. In this trial, and in subsequent trials, homogeneity of variance within main effects and interaction subgroups that contained three or more data points was evaluated using the F-max test (Sokal and Rohlf, 1981) .
Trial 2. The purpose of this trial was to duplicate the experimental design used in a previous ronnel trial (Rumsey et al., 1983a) and feed different levels of PTU based on results from trial 1 to determine further if changes in plasma T4 and T3 characteristic of peripheral deiodinase inhibition by PTU in rats and those caused by ronnel in feedlot steers could be produced in PTU-fed beef steers. Four pairs of steers were used, one younger and one older steer per pair. The younger steers were approximately 14-too-old Hereford • Angus (306 kg average initial body wt) and the older steers were approximately 24-too-old Angus (426 kg average initial body wt).
The diet, management and experimental design were the same as in trial 1 except that dosage levels of PTU were 0, .5, 1 and 2 mg/kg body weight daily and experimental periods were 28 d/period. Blood samples were collected approximately 4 h after the 0800-h feeding 2 d before each period (zero-time) and on d 1, 3, 5, 7, 9, 16 and 23 of each period as in the ronnel trial reported by Rumsey et al. (1983a) .
Average daily gain and feed intake data were evaluated statistically as a replicated Latin square with level of PTU, age and period as main effects, age being the replicate. Plasma data for periods 2 through 5 were similarly evaluated as a Latin square split-plot-in-days. Plasma data for each treatment within period 1 were adjusted to the same zero-time concentrations and evaluated sep.arately from the data for periods 2 through 5 as a split-plot-in-days with level of PTU and age as main effects. Also, the concentrations ofT4 and T3 at 16 and 23 d were averaged for each treatment within all periods. These averages for all periods were evaluated as in trial 1 with level of PTU and age as main effects.
Trial 3. The purpose of this trial was to determine how soon T4 and Ta changes occur after the initiation of PTU feeding. Three steers from the younger group used in trial 2 and averaging 431 kg initial body weight were used in this trial. The trial was a 3 x 3 Latin square design with 28-d periods. The PTU treatments were 0, 2 or 4 mg PTU/kg body weight daily. Feeding and management of the steers were the same as for trials 1 and 2.
Trial 3 started 2 mo after trial 2 ended. In each period, the steers were fed their respective levels of PTU through d 3 and blood samples were collected at zero-time, at 30-min intervals for 24 h and then at 36, 48 and 72 h. The steers were then allowed to return to normal (no PTU) through d 28 and then the next period was started 9
The T4 and T3 data were evaluated statistically by analysis of variance as a Latin square with main effects of PTU level and period split-plot-in-time. The data were also examined for cyclical patterns (periodicities) using time series analysis of the time means within each treatment as outlined by the Spectra procedure of the Statistical Analysis Systems (SAS, 1979) .
Results

Homogeneity of Variance.
Tests for homogeneity of variance suggested that inequality of variance within main effect and main effect interaction subgroups was not a problem. Inequality of variance within sample times for T4 and T3 approached significance. However, transformation of the data did not improve homogeneity. Based on these results, data transformation was not used and SE from analysis of variance is reported as an estimate of error variance.
Animal Performance, Trials i and 2. Performance data were collected for the primary purpose of describing the apparent nutritional status of the experimental steers. Feed intake, daily gain and feed to gain ratio data for trials 1 and 2 are summarized in table 1. The PTU supplements at all levels were readily consumed, and average dry matter intakes were similar across both trials and PTU treatments. Daily gain averaged at least .5 kg in both trials. There was a tendency for performance to be improved by PTU feeding; however, trends were not significant except for gain in trial 2 at P<.10. Younger steers in trial 2 gained faster than did older steers (.78 vs .62 kg/d; P<.05), but the age • PTU interaction was not significant.
Plasma T4 and T3, Trial 1. Changes in T4
and T3 concentrations that occurred over days in period 1 are shown in figure 1. Unlike periods 2 through 5, none of the steers received PTU before this period. Although these data were limited (only one steer/line), they showed treatment trends over days. Initially, T4 concentration increased for the steers fed PTU compared with the steer fed 0 PTU. The concentration of T 4 tended to peak from 5 to 7 d after PTU feeding started and then gradually declined to 16 d. After 16 d, T4 concentration was markedly depressed in the steer fed 4 mg PTU, whereas T 4 concentration in the steer fed 1 mg PTU tended to stabilize about 35% above that in the steer fed 0 mg PTU, with an intermediate trend for the steer fed 2 mg PTU. . Plasma thyroxine (T,) and triiodothyronine (T~) concentrations in beef steers after feeding of 0, 1, 2 or 4 mg propylthiouracil (PTU)/kg body wt daily to steers previously fed 4, 2, 0 or 1 mg PTU, respectively. Data are from periods 2 through 5 of trial 1 and represent four animals/treatment, thus each treatment • day mean is derived from four measurements. The PTU treatment X day SE for T 4 was 6.5 ng/ml and for T~ was .14 ng/ml. about 16 d after PTU treatment started. Concentration of T4 for the 4-mg PTU treatment was below that for the 0-rag PTU treatment during this time. Therefore, data from 16 to 33 d within each period (1 through 5) were averaged for each steer. These averages are summarized in figure 3 and show a nonlinear PTU dose response with T 4 and T 3 concentrations. Concentration of T4 for 1 and 2 mg PTU tended to be higher than for 0 mg PTU (for 1 mg PTU, P<.05) and lower (P<.05) for 4 mg PTU. Concentration of T3 was not significantly affected by PTU level, although it tended to be depressed when 2 or 4 mg PTU were fed.
Plasma 7"4 and T3, Trial 2. The PTU levels used in trial 2 were based on the results of trial 1. Data from period 1 are summarized in figure 4. As in trial 1, these data were limited (only two steers/line) but show a general trend after initial treatment with PTU. Plasma T4 concentration in PTU-fed steers increased initially
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~60-c remain elevated up to 7 d and then was markedly 2o depressed. The 2-and l-rag treatments, always preceded by 0 or 2 rag, respectively, started at either normal or elevated T4 concentrations ~.6-and ended at concentrations approximately 30% greater than normal values. The effects of ~I.4-PTU treatments (P<.05), day (P<.01) and PTU treatment x day interaction (P<.01) were significant for T4 concentration during periods ~1.2-2 through 5.
There was little influence of PTU treatment 1.o on T 3 concentration during periods 2 through 0 5, except for an initial transient increase for the 0-rag PTU treatment that always followed the 4-mg PTU treatment. The effects of day and PTU treatment x day interaction (P<.01) were significant for T3 concentration primarily because of this transient increase.
Concentration of T4 for the 1-and 2-mg PTU treatments tended to plateau above T4 concentrations for the 0-rag PTU treatment at b PTU , mg/kg body weight . Plasma thyroxine (T4) and triiodothyronine (Ta) concentrations in beef steers after the initial feeding of 0, .5, 1 or 2 mg propylthiouracil (PTU)/kg body wt daily. Data are from period 1 of trial 2 and represent two animals/treatment, thus each treatment X day mean is derived from two measurements. The PTU treatment X day SE for T 4 was 3.7 ng/ml and for T 3 was .13 ng/ml. and then fell to concentrations that generally remained above those in steers fed 0 mg PTU. The effects of day (P<.01) and PTU treatment X day interaction (P<.05) were significant. Triiodothyronine concentration in PTU-fed steers trended lower than in steers fed 0 mg PTU, but differences were only significant between days (P<.01). The PTU treatment and the interaction of PTU treatment x day were not significant.
Data for periods 2 through 5 are summarized in figure 5 . Each line on the graph is an average of eight animals. Plasma T4 concentration for both the 0-and .5-mg PTU treatments that were preceded by the 2-and 1-mg treatments, respectively, initially declined. Concurrently, T4 concentration for both the 1-and 2-mg treatments that were preceded by the 0-and .5-mg treatments, respectively, initially increased. Initial changes in T3 concentration were opposite the T 4 changes. When PTU was fed, T 4 concentration usually stabilized above that for the 0-rag PTU treatment and the reverse was true for T3. Plasma T4 concentration was influenced by PTU treatment (P<.01), day (P<.05) and the PTU treatment x day interaction (P<.01). Plasma T3 concentration was influenced by day (P<.01) and the PTU treatment • day interaction (P<.01).
As in trial 1, a linear dose response to PTU was not obtained in trial 2. This is shown by a summary of the 16-and 23-d averages in figure  6 . A comparison of the T4 data across PTU levels in trial 2 revealed an apparent thyroiddepressing effect at the 2-mg PTU level in the younger steers (PTU treatment x age interaction, P<.01). For both age groups, T4 concentration increased as PTU was fed up to 1 mg and was greater (P<.05) at 1 mg than at 0 rag. Concurrently, T3 concentration tended to decline in steers fed PTU, but treatment means were not significantly different. . Plasma thyroxine (T4) and triiodothyronine (T a) concentrations in beef steers after the initial feeding of 0, .5, 1 or 2 mg propylthiouracil (PTU)/kg body wt daily to steers previously fed 1, 2, 0 or .5 mg PTU, respectively. Data are from periods 2 through 5 of trial 2 and represent eight animals/treatment, thus each treatment • day mean is derived from eight measurements. The PTU treatment • day SE for T 4 was 2.6 ng/ml and for Ta was .08 ng/ml. . Plasma thyroxine (T 4) and triiodothyronine (T 3) in beef steers averaged for 16 to 25 d of daily feeding of 0, .5, I or 2 mg propylthiouracil (PTU)/kg body wt. The PTU treatment X age SE for T 4 was 4.4 ng/ml and for T 3 was .17 ng/ml. Data are from periods 1 through 5 of trial 2, five determinations/treatment • age combination. The T 4 concentrations among PTU levels and age not marked by a common letter (a,b,c,d ) are different at P<.05.
Trial 3. Results of trial 3 are summarized in figure 7. Concentration of T4 was affected (P<.01) by PTU treatment, hour and PTU treatment • hour interaction. Concentration of T3 was affected by hour (P<.01). The previous trials showed that PTU caused changes in T4 and Ta concentrations within 24 h after PTU feeding started. However, samples were not collected sooner than 24 h. Trial 3 showed differences in T4 concentration between the 0-mg vs the 1-and 4-mg treatments began about I h after PTU feeding started. Although the PTU treatment x hour interaction was not significant for T3, there was a general trend for T3 concentration to be lower for the PTU treatment by about 4 h after PTU feeding started. In most cases, the daily dose of PTU was consumed during the first 15 min after feeding.
Both 1 and 4 mg PTU increased the concentration of T4 and tended to reduce the concentration of T3 through 72 h. Although the 4-mg PTU level appeared inhibitory to the thyroid in trial 1 by reducing both T4 and T3 concentrations, this inhibition was not apparent until after 72 h of PTU treatment.
The T4 and T3 concentrations in this trial appeared to follow a rhythmic pattern, particularly for the 0-mg PTU treatment. The results of time series analysis indicated that T4 concentration for the control treatment had a cyclical pattern of 90.2 min. The rhythmicity of T4 during PTU treatment appeared interrupted and shorter (72 min); however, the significance of this value is difficult to interpret because of the imposed 30-min sampling schedule. The effect of PTU on the cyclical pattern of T3 concentration appeared similar to that on the T4 pattern. For the control treatment, T3 showed a cyclical pattern of 111.2 min and that for PTU treatments was 68 and 72 min for 1 and 4 mg PTU, respectively.
Discussion
Historically, a number of thyroid depressants have been studied as a means of improving Figure 7 . Plasma thyroxine (T4) and triiodothyronine (T 3) in beef steers fed 0, 1 or 4 mg propylthiouracil (PTU)/kg body wt daily and intensively sampled for 24 h after initial feeding. Data are from trial 3, three determinations/treatment. The PTU treatment • time SE for T 4 was 3.1 ng/ml and for T~ was. 14 ng/ml. growth rate and feed conversion in farm animals (Winchester and Andrews, 1953) , the hypothesis being that reduced thyroid activities reduces basal metabolism and maintenance requirements (Andrews and Bohren, 1947) . These treatments were designed to reduce thyroid activity, but were ineffective in improving performance and would often reduce intake. Because treatment dose was based on thyroid depression in earlier studies, a relationship between growth rate and peripheral thyroxine metabolism may have been obscured at that time. Recent research suggests that peripheral thyroxine metabolism may be related to growth rate in cattle (Rumsey et al., 1981 (Rumsey et al., , 1983a (Rumsey et al., , 1983b , suggesting a mechanism by which nutrient use is regulated. The purpose of the current study was to determine, based on rat studies with PTU and cattle studies with the organophosphate ronnel, if there was a level of PTU below the thyroiddepressant level that may influence peripheral thyroxine metabolism in feedlot steers, thus providing one means for studying this mechanism in cattle.
The current study was conducted with steers that were in positive energy balance and consuming equivalent amounts of dry matter throughout the trials. There was a tendency for growth rate to be improved by PTU treatment. Although this study was not designed to evaluate performance critically, these results are consistent with the possibility that reduced conversion of T4 and T3 may influence rate of body metabolism.
The effectiveness of PTU treatment in this study was based on obtaining characteristic changes in circulating concentrations of T4 and T3 as reported in rats (Escobar del Rey and Morreale de Morreale de Escobar and Escobar del Rey, 1962) . When the primary effect is thyroid inhibition, both T4 and T3 concentrations are reduced and, when the primary effect is peripheral deiodinase inhibition, T4 concentration is increased and T3 concentration is slightly decreased. These changes persist after initial transient shifts occur that are related to the complex mechanism of hormone regulation via the pituitary (Escobar del Studer and Greer, 1967; D'angelo et al., 1976; Cooper et al., 1982 Cooper et al., , 1983 . In general, the results of trials 1 and 2 suggested that PTU in feedlot steers has a dual effect as observed in rats. The 4-mg PTU treatment (trial 1) was thyroid depressing, as both Ta and T3 concentrations were both depressed after the initial transient response. Conversely, in the same steers and for PTU levels below 4 mg (trials 1 and 2), T4 concentration was consistently increased and T3 slightly decreased after the initial transient change.
The nonlinear dose response seen in this study, unlike the linear response seen with ronnel (Rumsey et al., 1983a) , was partially a function of animal age or weight. Thyroid inhibition appeared to be influenced more in younger steers at a given dose level. This is of interest in that the results indicated age is a critical factor in studies relating thyroid metabolism to growth mechanisms, particularly because age variation in these trials was within the limits of cattle normally used in feedlot management systems.
The quick response in T, and T3 changes to PTU treatment (trial 3) compared with the delayed reduction of T4 after 4-mg PTU treatment (trial 1) suggested that low levels of PTU in cattle, like in rats, directly influenced peripheral thyroxine metabolism (Escobar del . Recently, in vitro experiments have shown that both PTU (Kahl et al., 1983) and ronnel (Kahl et al., 1984) inhibit the conversion of T4 to T3 in liver and kidney tissue of beef steers.
The rhythmicity of T4 concentrations was similar to the temperature rhythmicity of approximately 90 min recently found for cattle and may occur as part of the animal's thermoregulatory mechanisms (Andersson, 1977.) . The biological significance of the apparent rhythmicity of T4 and T3 needs more study at this time; however, it could explain part of the variation in circulating blood concentrations that otherwise becomes part of the error variation.
In conclusion, levels of PTU have been detected that cause shifts in plasma concentrations of T 4 and T3 in beef steers similar to those in rats fed PTU and in beef steers fed ronnel. These findings suggest that PTU may serve as a model compound to study the relationship between thyroxine metabolism and growth mechanisms in cattle. 
